In this study we sought to determine whether an intraarticular administration of a vanilloid agonist resiniferatoxin (RTX) produces an analgesic effect in experimental arthritis. Knee joint inflammation was induced in rats by intraarticular carrageenan (2%, 30 L). Pain score and left/right hind leg weight distribution ratio were used to assess pain behavior. Changes in knee dimensions were evaluated by measuring external circumference and intraarticular area (ultrasound scanning). The intraarticular administration of RTX (0.0003% or 0.003%, 30 L) provided a significant analgesic effect. Twenty-four hours after RTX administration, the pain score was reduced from 15.1 Ϯ 4.7 to 6.9 Ϯ 4.4 (P Ͻ 0.01) with 0.0003% and was abolished (P Ͻ 0.0001) with 0.003%. The improvement in weight distribution ratio lasted for several days after the RTX administration. Reduction in knee circumference demonstrated that intraarticular RTX suppressed the carrageenan-induced edema by at least one third. Ultrasound scanning revealed no RTX-induced decrease of the intraarticular area. The experiments demonstrated that intraarticular RTX inhibits pain behavior in kneejoint arthritis and that this effect is dose-dependent. These results suggest a new direction for peripheral analgesia.
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V anilloids bind to the transient receptor potential type V1 (TRPV1) channels, nonselective cation ionophores that play an important role in integration of afferent noxious signals generated by inflammatory mediators (1) . Vanilloid agonists (capsaicin and its analogs) can produce selective and long-lasting blockade of afferent C-fibers and some A␦-fibers (2) . The cloning of vanilloid receptors (3, 4) heralded the rapid advances in vanilloid pharmacology and has begun to play an important role in the development of new compounds with analgesic properties. This new development put a new emphasis on the results of previous studies with capsaicin. Resiniferatoxin (RTX) is an ultrapotent capsaicin analog with a unique spectrum of activities (2) . Its initial excitatory effect relative to its inactivating effect is far less pronounced compared with capsaicin (2) . Several studies (5) (6) (7) convincingly demonstrated that capsaicin selectively suppresses the conduction of impulses in the C-fibers and some A␦-fibers.
Using the ability of vanilloid agonists to selectively suppress the conduction of noxious impulses, we demonstrated that RTX-induced blockade of the sciatic and saphenous nerves completely prevents the development of hyperalgesia caused by intraplantar injection of carrageenan (8) . Otsuki et al. (9) , using the less potent capsaicin, showed that its application to the sciatic and femoral nerves reduces pain behavior induced by the injection of monosodium urate crystals into a knee joint.
The main aim of this study was to determine whether localized intraarticular administration of RTX produces an analgesic effect in experimental arthritis. Changes in pain behavior were assessed with indices based on two basic signs in acute knee inflammation: limp (10, 9) and decrease in weight load on the affected leg (9, 11) .
Methods
Male Sprague-Dawley rats weighing 225-275 g were used for the experiments. The rats were housed with a 12-h light/dark cycle and provided with food and water ad libitum. The protocol for this study was approved by the Institutional Panel on Laboratory Animal Care. Joint inflammation was induced by carrageenan (Sigma Chemical, St. Louis, MO) injected percutaneously using a 30-gauge needle through the infrapatellar ligament into the left knee joint cavity (2%, 30 L) with the animal under brief halothane (2%) anesthesia. The changes in pain behavior were determined during a period of approximately 10 days after the carrageenan injection. Pain score and weight-bearing index were used to assess pain behavior. Pain score determination was based on walking pattern. Each rat was placed on an open bench. That enabled the rat to walk freely. The scoring was similar to that used by Otsuki et al. (9) . A score of 0 was assigned if the rat walked without a limp; a score of 1 if the rat used the injected paw with a limp; a score of 2 if the rat walked on three legs. If an animal walked both with a limp and on 3 legs the highest score was assigned. To initiate ambulation, gentle backward tugging on the tail was provided. The walking patterns were observed every 5 min for 1 h. The sum of the 12 scores (0 -24) obtained during the 1-h session was recorded as a cumulative pain score. Weight-bearing index was determined by measuring weight distribution between left (inflamed) and right (contralateral control) hindlegs. An Incapacitance Analgesia Meter ® (Stoelting CO, Wood Dale, IL) was used for this aim (11) . The rat was placed into the plastic box of the device where it was kept sitting during a 2-min period. The integrated paw pressure during this period was displayed separately for the right and left leg. The ratio between the pressures of the right and left leg was calculated as left/right hind leg weight distribution ratio. The measurement was repeated with a 1-h interval in between. The average value of these two measurements was used as an index of joint discomfort.
In addition to the behavioral indices, two measurements reflecting changes of the knee dimensions were done. With the animal under light halothane anesthesia, the circumference of the knee was determined with a flexible tape measure (12) . Ultrasound (US) scanning was used to assess intraarticular changes of the knee. Real-time B-mode US was performed using a Titan (SonoSite Inc., Bothel, WA) US system with a 10-MHz probe (axial resolution of 0.76 mm at depth of 30 mm). US examination was performed under halothane (2%) anesthesia, with the knee shaved and flexed to 90°. The area between the patella and tibia was scanned in a midline longitudinal axis. A hypoechoic or anechoic area encompassed by the patellar ligament, the femur, and the tibia was measured by fitting elliptical calipers between these structures. A representative image is shown in Figure  1 . The average of three measurements of the left (inflamed) and right (contralateral control) knee was used for the assessment of intraarticular changes. RTX (Sigma Chemical) 30 L was injected into the knee joint cavity percutaneously through the intrapatellar ligament with the animal under brief halothane (2%) anesthesia. Two concentrations of RTX were used, 0.0003% (0.09 g) and 0.003% (0.9 g), on the basis of our previous experiments (8) . Before an experiment, RTX (initially dissolved in dimethyl sulfoxide to a concentration of 1 g/L and stored at Ϫ80°C under nitrogen) was diluted in 0.9% saline with 0.3% Tween 80 (to avoid precipitation). RTX was injected into the knee joint with India ink to confirm the intraarticular site of the injection. Each animal was dissected at the end of the experiment to confirm the localization of the injection. To prevent the initial excitatory effect of RTX, intraarticular bupivacaine (0.5%, 10 L) was administered (providing local anesthetic effect for approximately 1 h) 10 min before RTX. After bupivacaine-RTX administration, the animals exhibited no behavioral signs associated with pain (flinching or licking of the paw).
Five groups of rats (n ϭ 8 per group) were used. In two groups that received carrageenan-bupivacaine-RTX (CBR), RTX (0.0003% or 0.003%) was used against the background of the carrageenan-induced joint inflammation. After baseline measurements of the variables, carrageenan was administered in these two groups and variables were measured 3 h and 23 h later. Then bupivacaine was injected followed by RTX and the variables were measured 3 and 24 h and 2, 3, 6, and 8 days after the RTX injection. Three other groups of animals were used as controls. The carrageenan-bupivacaine-vehicle (CBV) group received the injection of carrageenan and the injection of bupivacaine 24 h later followed by an injection of the vehicle for RTX (dimethyl sulfoxide in saline with Tween 80). The measurements of variables were the same as in the CBR groups. The animals in the bupivacaine-RTX (BR) group did not receive an injection of carrageenan before both of the agents were administered. In the SV group, saline was used instead of bupivacaine and vehicle was used instead of RTX. Before each of the measurements each rat was placed on a bench and carefully observed for a minute or two. Notes were made regarding the animal's gait, the posture of the affected hindpaw, and the condition of the knee.
The rats were assigned to the groups randomly (blocked randomization) and those responsible for the measurements of the effects were blinded as to the type of treatment. Each animal was housed individually and identified only with a sequential number assigned before the beginning of the experiment. Because the control solution and the RTX solution were contained in identical vials and the solutions were both clear, they were indistinguishable to the examiner.
Data were analyzed with a two-way (group and time) analysis of variance, with time treated as a repeated-measures factor. Comparisons among groups at each time were performed with one-way analysis of variance. Multiple comparisons among means were made with Fisher's protected leastsquares difference test. The results were declared significant if the P value was Ͻ0.05. Data are reported as the mean Ϯ sd.
Results
The comparison of two groups of animals (CBV and CBR) illustrating the magnitude and time course of changes in pain score and weight distribution ratio after the injections of carrageenan and RTX is presented in Figure 2 . In the CBV group, 3 h after the vehicle injection the pain score was 20.5 Ϯ 2.6 (P Ͻ 0.0001). It lasted for several days, and on day 2 (3 days after carrageenan injection), the pain score was 3.8 Ϯ 5.4 (P Ͻ 0.05). Changes in the weight distribution ratio lasted much longer, approximately 1 wk.
In the CBR group (reflecting the effect of 0.0003% RTX), the effects of RTX on both pain score and weight distribution ratio continued for a long period after its intraarticular injection. The difference between the CBV and CBR groups with pain score was significant at 3 h (decrease by 68%, P Ͻ 0.0001), and 24 h (by 54%, P Ͻ 0.01). Relative to the maximum pain score (seen at Ϫ21h; Fig. 2 ) in the same group (CBR) the decrease in pain score was also significant at 3 and 24 h (P Ͻ 0.0001 for both). For weight distribution ratio, the difference between the CBV and CBR was statistically significant at 3 h (P Ͻ 0.002), 24 h (P Ͻ 0.02), and 3 days (P Ͻ 0.05).
The RTX-induced changes in pain behavior were dose-dependent ( Fig. 3 ). Three hours after the RTX injection, the pain score was reduced from 20.5 Ϯ 2.6 to 6.5 Ϯ 4.3 (P Ͻ 0.0001) with a concentration of 0.0003% and was abolished (P Ͻ 0.0001) with a concentration of 0.003%. Twenty-four hours after RTX, the pain score was reduced from 15.1 Ϯ 4.7 to 6.9 Ϯ 4.4 (P Ͻ 0.01) with 0.0003% and was abolished (P Ͻ 0.0001) with 0.003%. The difference between pain scores in the 2 RTX groups was statistically significant at 3 h (P Ͻ 0.005) and 24 h (P Ͻ 0.01). In contrast to the pain score, the weight distribution ratio at 24 h was not reversed by 0.003% RTX. Although the reversal at 24 h had a tendency to be greater with 0.003% (0.72 Ϯ 0.19) than with 0.0003% (0.56 Ϯ 0.23), the difference was not statistically significant.
RTX clearly decreased the knee swelling induced by carrageenan ( Fig. 4) . At 24 h the increases in the circumference from baseline was 8.2 Ϯ 1.9 mm in the CBV group and 5.0 Ϯ 2.3 mm in the CBR group (P Ͻ 0.02 for the difference between groups). At 3 d the difference between the groups continued to be statistically significant (P Ͻ 0.01). The US comparison of the left (inflamed) and right (contralateral control) knee demonstrated a profound effect of carrageenan. Three hours after carrageenan injection the area of the knee joint chosen for the comparison was 6.0 Ϯ 1.1 mm 2 on the inflamed side and 3.7 Ϯ 0.5 mm 2 on the contralateral side (P Ͻ 0.001). Three days later (CBV group), the difference was almost the same: 6.9 Ϯ 2.7 mm 2 versus 3.3 Ϯ 0.7 mm 2 (P Ͻ 0.001). In contrast to the knee circumference ( Fig. 4) , there was no RTX-induced decrease of the hypoechoic/anechoic area on day 3, when limping had completely disappeared; the values in the CBV and CBR groups were identical.
In the BR and SV groups (control), no pain behavior was evident. Rats of both groups walked without a limp; therefore a score of 0 was recorded at all time points after the intraarticular injection. Injection of bupivacaine-RTX without the background of carrageenan-induced inflammation (BR group) did not cause any significant changes in the weight distribution ratio. The index values were 1.09 Ϯ 0.28 (baseline), 1.15 Ϯ 0.25 (3 h after the injection), 1.01 Ϯ 0.21 (24 h), 1.02 Ϯ 0.09 (2 d), and 1.10 ϩ 0.11 (3 d) .
Rat behavior did not indicate any sedative effect of RTX both at 3 and 24 h after the agent injection.
Discussion
Our results demonstrated that a single intraarticular injection of RTX produces an analgesic effect in carrageenan-induced arthritis. With the limping index the effect lasts more than 24 hours; as long as this model provided the possibility to observe the effect. This effect is dose-dependent and can be induced by relatively small doses of RTX, starting from 0.09 g (0.0003%, 30 L). This dose is approximately 1000 times smaller than the dose producing analgesia after systemic administration of RTX in rats (13) . It is of interest that when intraarticular and systemic equianalgesic doses of morphine were compared (using an inflamed knee model in rats) (14) the intraarticular dose was 10 times smaller than the systemic dose. This may indicate that, compared with morphine, RTX has a much wider margin of safety regarding acute systemic toxicity.
The experiments demonstrate a difference in the time course of RTX effects between pain score and weight distribution ratio. The changes induced by carrageenan injections disappeared by the third day (from Ϫ24 hours to 2 days, Fig. 2 ) with pain score; at the same time, they lasted for 8 -9 days with weight distribution ratio. As a result, the RTX effect could be observed for a longer period of time when the weight distribution ratio was used. This difference is difficult to explain. One of the possible explanations of the discrepancy between the tests is that limping score selectively reflects intensive pain on movement, whereas weight distribution ratio (with the rat in the box of the device) may be able to reveal even mild pain in a sitting position. Another explanation is that the weight distribution test may reflect not only pain but also a nonpainful joint discomfort that could last much longer than pain. Figure 3 . The dose-dependence of the effects of resiniferatoxin (RTX) on pain score and weight distribution ratio 3 h (left side) and 24 h (right side) after its injection into the knee joint cavity. Each point represents the mean Ϯ sd for 3 groups (n ϭ 8 per group) with 0% (vehicle only), 0.0003%, and 0.003% of RTX injected into the left knee joint cavity in a volume of 30 L 24h after the induction of carrageenan-induced inflammation. Statistical significance: a P Ͻ 0.0001 versus 0% RTX, b P Ͻ 0.005 versus 0.0003% RTX, c P Ͻ 0.002 versus 0% RTX, d P Ͻ 0.001 versus 0% RTX, e P Ͻ 0.0005 versus 0% RTX, f P Ͻ 0.0001 versus 0% RTX, g P Ͻ 0.01 versus 0.0003% RTX, h P Ͻ 0.02 versus 0% RTX, i P Ͻ 0.0005 versus 0% RTX. It is of interest to compare the effects of RTX in arthritis and those in a rat model of postoperative pain (15) . Equal concentrations of RTX (0.0003%) used in both models produce analgesia of similar duration. The incisional pain study also indicated that RTX does not suppress motor activity.
Localized analgesic effects of RTX have previously been demonstrated in carrageenan-induced foot models of hyperalgesia with percutaneous injection of the agent to the sciatic and saphenous nerves (8) or its direct administration into the plantar tissue (16) . Neubert et al. (16) reported that a peripheral injection of RTX produced the local analgesic effect by reversible inactivation of the nerve terminal endings. Otsuki et al. (9) , using a monosodium urate model of knee joint arthritis, demonstrated the analgesic effect of capsaicin administered systemically to the neonatal rat or locally to the sciatic and femoral nerves. Although the authors did not find complete analgesia with capsaicin, they did observe a significant effect. Topical capsaicin (cream) has been used to relieve pain of osteoarthritis, and several reviews confirmed its effectiveness using meta-analysis (17, 18) . However, the relatively weak effectiveness of capsaicin cream, the need for multiple applications, and skin irritation limits its use.
Changes in the knee circumference in our experiments clearly indicated that intraarticular RTX suppressed the carrageenan-induced edema by at least one third (Fig. 4) . In a previous study (8) , pretreatment with RTX injected to the sciatic and saphenous nerves reduced carrageenan-induced edema of the foot to a similar degree. Lam and Ferrell (19) , using the Evans blue content method, demonstrated that knee inflammation induced by intraarticular carrageenan was reduced by 44% in the knees of rats that had previously been injected with capsaicin. They also observed that chronic joint denervation produced a 37% reduction in the inflammation. These observations indicate that at least one component of the antiinflammatory effect of vanilloid agonists is to counteract neurogenic inflammation. This confirms an earlier observation that local application of capsaicin to the sciatic nerve prevents neurogenic inflammation in the lateral part of the dorsal skin of the rat's paw (20) .
Our US measurements of the knee-joint cavity demonstrated that US makes it possible to measure very small areas (3-6 mm 2 ) in the knee cavity. This is comparable with the reported ability of US to measure a knee bursa with a short axis of Յ2 mm (21) . We found that carrageenan injection significantly increases the hypoechoic/anechoic area representing the joint cavity, probably reflecting changes from joint effusion. This increase did not regress in either the control (CBV) or the RTX-treated (CBR) group even 4 days after carrageenan administration, when the knee circumference had almost completely recovered. This may be explained by the slow process of knee exudate resorption as compared with the recovery of knee inflammation. The absence of any difference between the CBR and CBV groups indicates that RTX does not have any significant effect on the changes measured by US, which probably results from the absence of the effect on exudate resorption. The knee exudate may be a factor responsible for the discrepancy between the difference in the duration of the changes in pain score (shorter) and weight distribution ratio (longer) after the injection of carrageenan (Fig. 2 ). If this discrepancy indicates that the weightbearing test reflects not only pain but also a nonpainful joint discomfort, the joint effusion might be responsible for this discomfort.
TRVP1 is activated not only by vanilloid ligands but also by noxious heat and low pH and thus can be viewed as a molecular integrator of noxious stimuli in peripheral terminals of primary sensory neurons (22) . An increase in TRPV1 expression in peripheral nociceptors is critical for the maintenance of inflammatory hyperalgesia (23) . TRPV1 exhibits a time-and Ca 2ϩdependent desensitization, a long-lasting refractory state during which the receptor does not respond to vanilloids or other stimuli (24) . Several studies have demonstrated that perineural administration of capsaicin can selectively block the conduction of impulses in the C-fibers and A␦-fibers at the site of capsaicin application (5) (6) (7) . For example, Chung et al. (6) found that capsaicin applied to the sciatic nerve completely eliminated responses to noxious heat stimuli and decreased responses to noxious mechanical stimuli. At the same time, they observed that responses to innocuous mechanical stimuli were increased. Xin et al. (25) reported that capsaicin markedly attenuated voltagegated Na ϩ currents in dorsal root ganglion (DRG) cells. They suggested that this effect may account for the transient blockade of the nerve conduction seen with capsaicin and may explain its analgesic properties.
The molecular mechanism of TRPV1 receptor desensitization has remained elusive. In the last few years, involvement of calmodulin (CaM) and CaM kinase II (binding of Ca 2ϩ /CaM complex to the TRPV1 and phosphorylation by CaM kinase II, respectively) in the phenomenon of TRPV1 receptor regulation has been shown (26, 27) . These results indicate that the influx of Ca 2ϩ through TRPV1 may feed back on the channels, inhibiting their gating. This type of feedback inhibition could play a role in the desensitization of the TRVP1 receptor produced by capsaicin (27) . However, the molecular mechanism of TRPV1 receptor desensitization and the mechanism of transient blockade of nerve conduction seen with administration of vanilloid agonists might be quite different.
It is well established that vanilloid agonists can kill adult sensory neurons in culture and that this effect is ANESTH ANALG PAIN MEDICINE KISSIN ET AL. most likely mediated by calcium influx (28) . There is evidence that the increase in intracellular calcium produced by vanilloids can result in levels of calcium in sensory neurons in vivo that are high enough to cause irreversible neuronal damage. A significant loss of DRG neurons induced by systemic capsaicin has been reported (29) ; however, the dose of the agent was extremely large: 100 mg/kg subcutaneously. Systemic RTX administered in a single dose of 150 g/kg to 500 g/kg caused a loss of C-fibers sensory functions that lasted more than 4 weeks (30) . The long duration of this effect was the basis for the suggestion that the local treatment of peripheral nerves with vanilloid agonists results in a permanent impairment of the function of vanilloid-sensitive afferent nerve fibers.
Whether it is a result of the degeneration of the fibers or a long-lasting but reversible loss of their functions is a matter of controversy. Initial electron microscopic studies did not find any axonal degeneration with perineural (31) or topical (32) application of capsaicin even at large (up to 1.5%) concentrations. In more recent studies of the neurotoxic effects of capsaicin applied to the skin (33, 34) , administered perineurally (35) , or into the urinary bladder (36) , the authors visualized nerve fibers by immunohistochemical methods based on the determination of substance P (SP), calcitonin gene-related peptide (CGRP), and/or the pan-neuronal marker protein gene product (PGP 9.5). These studies demonstrated a profound loss of nerve-fiber staining in the epidermis (or urinary bladder wall), leading some of these authors to conclude that capsaicin induced axonal degeneration. However, none of these studies used electron microscopy to confirm this conclusion. When Avelino and Cruz (37) re-examined the problem of capsaicin-induced axonal degeneration in the rat bladder with the parallel use of immunohistochemical and electron microscopy methods, they found that both capsaicin and RTX caused desensitization and a profound reduction in SP and CGRP immunoreactive fibers without causing significant nerve changes demonstrated by electron microscopy. The authors concluded that vanilloids applied intravesically (urinary bladder) in full desensitizing concentrations exert their effect on the bladder (including depletion of SP and CGRP) lasting for 8 to 12 weeks without producing nerve-fiber degeneration. They suggested that the PGP immunoreactivity that was used in several capsaicin studies as an index of axon destruction could be lost because vanilloids cause an axonal transport blockade that slows the arrival of PGP to peripheral axons, a process that occurs without nerve degeneration.
The controversy regarding nerve fiber degeneration versus long-lasting loss of function without degeneration is possibly relevant to the large concentrations of vanilloid agonists, which are far in excess of the concentrations that produce analgesia lasting only several days. Even if RTX is used at very large concentrations that cause selective degeneration of nerve endings (C-fibers and A␦-fibers) of a joint, nerve function will be able to eventually recover because of the process of fiber regeneration. This process should be faster and more complete after intraarticular RTX administration than after RTX application to the sciatic nerve because of the involvement of relatively short nerve terminals with intraarticular RTX. Karai et al. (38) suggested the nociceptive neuronal or nerve terminal deletion as an effective and broadly applicable strategy for pain management. Such an approach is an acceptable alternative to a reversible interruption of the nerve fiber functions without their destruction that is achievable at smaller concentrations of vanilloid agonists.
In conclusion, our experiments demonstrated that intraarticular RTX inhibits pain behavior in carrageenaninduced knee-joint arthritis and that this effect is dose-dependent.
